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(54) BIOLOGICAL MAGNETIC FIELD MEASURING METHOD 

(57)Abstract: 

PROBLEM TO BE SOLVED: To measure the 
vertical component of a biological magnetic field 
without increasing the number of detection coils 
and to analyze a magnetic field source. 
SOLUTION: This biological magnetic field 
measuring device is provided with plural flux ^ 
meters composed of a quantum interference * 
element (SQUID) for detecting the biological 
magnetic field generated from a living body 2 as 
signals, an arithmetic processing means 8 for 
performing the arithmetic processing of the 
signals and a display means for displaying an 
arithmetic processing result and measures 
biological magnetic field distribution inside a 
shield room 1. In this case, the flux meters 
detect the time change of a vertical magnetic 

tolt°^T en \ W ^ Ch r ^ th u magnetlC fie,d com P° ne "t of a first direction vertical 
to the surface of the hv.ng body of the biological magnetic field and the arithmetic 
processmg means 8 performs the arithmetic operation of obtaining the time 
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change of a value proportional to the square root of the square sum of the change 
rate of the vertical magnetic field component in a second direction and a third 
direction crossed with the first direction and the arithmetic operation of obtaining 
the integrated value in a prescribed period of the time change and displays the 
integrated value at the display means. Thus, since quantitative biological magnetic 
field distribution is displayed by using the small number of diagrams, diseases and 
abnormality for respective individuals are objectively and quantitatively 
recognized. 
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[#ffif*<73fS|2] 

[lf**l] ^(O^MizMm^ivi&^m^ (S 
QUID) *»f><e5«»0«^ff«:fflv»T, aME£*a» 

i&^w^w^'fkSrtfad-t-s^i ©igi, mmm ljj 

fa<DMWii&ft(r>mtm<n> 2 *focD^«(r tt0i)-f--5fjt<7} 
B#F.3^ffc;3:*tf>5Ji?2<7)Xf§<!;, mm2<DJLUT~'&Zffi 

s « 4 (73 ifi t m-t z z t sr am t -r a m 

lit** 3] m**Mi^tm(o£»mmnmj>m\c}&^ 
x, MSBj&aroiEgtriHvc, sfjfem2<DimT't#5tu 
Rm.<ommmt&jftj£(DMffix-m# Lw^«sr*» s r 

as**, %^&m<Dtttm9t®.<D$i\x<n, it, mm* 

[if**4] £fr©*ttteEB£i-ia*^F#*^ (s 
quid) frhtez>m.m<vm.m\zm\<-<x, mu^.m- 

m(Dm$imt$:*it>z>n2<DT.mt, ^2roiiti# 
§ tut B#ng &mm<nmfsi x-mft ua^it £ * * 

[It** 5 ] if ** 4 lw8B*ro£flcaSi§ff »|2r ffiKJH » 

[ft** 6] if**4KIE«i<7>£#e^ff8iJ;£ffif;:SH> 
T, aftiE*3<&iafc»^T. mKJB2<Z>Ig-<?».&lfo 

1@*£>, SEaftewiifllEW^fflrolBT?©, it, *MnS«: 

[it** 7] ^frro^gBKEBSftSg/M^iif^ (S 

quid) a>&tt$ttft09a;£ti'*fflv'<>T. itifa^fr^, 

»rt»«r«-*i-5* l(OISt, -fllFESiSi*|fi|tS;x-j- 
5* 2 *m&V|R 3 1 2ri6]<oaS»jS 



So 

[it** 8 J *«:©^«B^iEB*ix5J|^-T**^- (S 
QUID.) a»fefc*«*ro«3im£ffi^-c, SfJfE*^ 

2<Djjfatm.&-fzm3jffZ\<DWi%f8,ft$:, m?&$5 3Jj 
fal-Mit-SmllESI l ^iSiwlM^fW^f,**^ 
^3<73Xgi:, MK»2,fttff^:£fa»;:;»f*.5i)ME«» 
^<73 2*fD«73Sp^«|;JtfiRli-5fii=S:**-5m4(7>X§ 

[it** 9 ] if** 8 tSEiiW^ft:at»H-jBi*ffifcttv^ 
T, HtllS^4<73X®-e#5ttIf5flS«73^FP B ^tSr^<73» 
LW»ttS:*ft 5* 5 wis t , ttSB 5 roxe 
©IlT?»5SWEa»tS:*St5»4 0ISi:ttt 

Ilf**l 0] £#OT*W::E«£ft3*^T8ijR;?- 
(SQUID) *»6*«*»««j(CM-Srfflv%-c. IW8E£ 

l&tt £rJf£ Ufe 2 ocoft^^co 2 5llfD<73 sp^tefc * #> 
5m2<73Xgi, taiE2*faco^*fttc:Jt0J-rsfli[Sr^f 

[it**l 1] £#<a*gBKEB$n.5*^F*S^F- 
(SQUID) *»c,*5«*w«^thS:fflv^-C, SU1E£ 

£1+881" -5 Hi ©lit, «FEjSfe«Uft».d»t,2o©««i 
[if** l 2] if**i 1 ^IB<ftro±«tK»t|-jBI*ft»i: 

»^T, S5l5 2 0(73^|ft^A^^#5fc-g-Agffi<73&a^ 

[if**l 3] ^{Itro^SBfiEltSns*^-^*^- 

(squid) frhft%M<o&$m*m^xmi£.±fr 

[it**i 4] z.ftow-mzig.mzixzm+T&m* 
(squid) frht£z>mm<»m-$L!ft%;m\<^xmts.£.to. 

[0 0 0 1 ] 
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ff^fi^M^^^F* (SQU I D - superconducting quant 
um interferencedevice) ^bftSfflfe^fl^ffSrfiJl^ 

[0 0 0 2] 

(SQUID: superconduct i n g 
quantum interference devi 
ce) ^e>45*ft(^«*W-Srffl^rW-JHJi--54ff«» 

[0 0 0 3] 4(W»ibTtt, «»y-f #-/^*ff9 

So (B, (1«?WZ^ 

#) XfiB r (SSISt^iS^) ) wfHBtt, » 

*>*B,xttB r «:tmiuTv^fc 0 

<J (x, y) > 
= (dB z (x, y) y) < e x > - 

(ftl) \zm^X t <e x > ■l*xjjfa<D*GL<<? bJU, 
(e y > f4y ^ft^¥{£X<^ h^T-fe5o Lt^U &ft 

[0 0 0 7] * 2 O^SEgffi (K. Tukada e t 
a 1 . , R e v e i w of the Scient 
ific Instruments, 66 (10) 50 
85-5091 (1995)) "Cli, ^*t5aft(7)l 
aKftpTIBft-fSfcftlc. (B z Xf4B r ) £?f 

I B xy (x, y, t) | 
= /* { (B x (x, y, t ) ) 2+ (B y 
*3«)*JS*(Y. Yoshida et a I., 
Tenth International Confe 
rence on Biomagnetism, San 
tana Fe, New Mexico, Feb. 20 
(1 9 9 6) ) 

X\% = j /KDffi^^rix^ixS^ Ut 3 oco^tts = 4 ;u 
&«W*|C**LT. I$Il?,^B r B y> B 2 
[0 0 0 9] *4(Ott*ft« (K. Tsuka da, e 



[0 0 0 4] «at^#-yMSf^5K#c9ffij» fi fe5> ( B 

R x*iB r ) <^«tt»ikeia, (Sijft^v^-yu) 

[0 0 0 5] ^1 <Dtt*fitfl5 (H. H o s a k a an 
d D. C o h e n , J . Electrocardio 
I • , 9 (4), 426-432 (1976)) "CIS, 

lai^nMitT, (mi) 

St'** h/u <j (x, y ) ) Sr*H-«jflc±tc:*pp-e*a 

it, }sa < > i4 < > rtoia-g-^s^^ h/K-fc5:t 

[0 0 0 6] 



- (3 B, ( x , y)/5x) <e y ) 

(ft 1) 

HlK^IElK LT, SSIftriE^B^RWB^W-ailLTV^So 

»asnfc»j»j5S:^B sl B y z&j&ftm^mmmmt 

UT«*LTIr\6. «*^2T?ffasnfcaH(M6»B 
x , B y f4^afSSft^^S%^^nS fc<D<D, (ft2) 
fctfcoT, t K«V^TW-«**tfcBJtt/B y fc-&j« 

Lfc2*7E'<^ h^SS«B w O*«#j»ia-ei4 f 
ffi /uco fi± ^^ijl^suj)^, 

[0 0 0 8] 

(x, y, t) ) 2} ... m2) 

t. a 1 . , Tenth International 
Conference on Biomagneti 
sm, Santana Fe, New Mexico, 
Feb. 20(199 6)) 

XiX t#mo2o©$^B 1I B y fc«fciiiU | 

b xy i = i b b +;b 7 i izm<$<mmm&mkmmf&&B 
[ooioj ^ffrt<D««;w*a^aft<offafe*sr* 

-rHicirLT, Htt»flc:J:0|faux»4IBJ6BI (ME 

G, magnetoencephalogram) , 'frUfHc: «t 9 frSI LT?# 
£<bSH (ECG, electrocardiogram) 7)>fo5 0 



fc°>^T5#*S<t,>flt;[g(body surface potential map) 

10011] IS 5 W&Jk&ffi (T. J . Mo n t a g u 
e et a 1 . , Circulation 63, N 
o. 5, ppll66-1172 (1981)) Til, 

EW"eSf55 k U*:#a^BI(isointegral map) fjc^ffi 
[0012] 

(MCG, Magnetocardiogram) >& 5 ^;bi~}SE^j 3ri§;9£ 
?#fcflBKEl (MEG, Magnet oencephalogr am) 

[0013] S«S«^ttft«#A5>tto««tM|EB» 

ti\Z&WVbZ> fc ft. B .co^^tts^ Jt-<T 

=*^/M&a s 2fSFK:#5 0 B XJ B y , B s O^TC0 

fiK^SrW-a^S^^ hA-fHBTtt, ffilfcjS^B.O*^ 

ft, ^tfcj^^yui: SQU I D^ib^SKSir^oftfi 

«jol, jeh:. «*»aei!Mft>iiiPu 

[ooi4] Lfc«8£4M*i2fc: «t 

««<o£ffcfc&5 5. ga^ 



#H¥l 1-15 12 2 1 
fcio sEfc, Sii'tlUltlz, ffiS^^IHHRH (Q, 

ttt-i^WFjaT^mffilllHSraftiEtSt-Br-r, loco 
ftffii»BB-ett^I«rt<0«SEaiS: 1 oots^^i 

■it LT tfi ^i^t ^ t t° 

[00 15] ^^i^li, LTV* 

[ooi6] ttflottoiSiifi, Witti^'f ^<nm*m 

iP**«rt*< I ^*BS»OSit^B,S:«-»LT 
[0017] 

stii, (i) m+T&m* (squid) frhtev, 

Sr3f«^J«H-ea^L«^ffl[Sr*ft5»3^xai:, C 

3 (Diioia-ciissi^t Jfl 4 CDXM 

^tt5:irCW5fe^ jEiw, (2) 

(SQUID) ^64 9, 4^^CEf^^S 

mz^n^tm 1 , * 2 *iRj^ai»fi8:^^#m*ftS:fi-« 

t, wO»2^xaT»5ttO#|IB»KfeW*Offl|IB-C 
a^La^ftS:3ftft^»3^xat, :^3W1^ 

xaT»aa»as:**i-s jb4 ^xat 5 r <t 

K#«tfS&* 0 S^±ffi (1) , (2) Ol#»S:*i-S 
*ft«»ff»*«fe^»v^T. ±IS^a^fit^ffiv^T, 



(5) 
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<^T, ±fE<0^2<0Xm-C^5±fEOfif<0^ra^-ftSrglT 

'<dm-c©, it, flpanasr^tpfDXttMoflrix*^*** 

(x, y, z) KiH^T, 4**ElcSiS^^(6]^ z 
iU 01*|6jSrz*-(6j, I2*[6]jxm ^3^f6) 
&yJjfab-tZ<, £fc, fi&ffi^ (r, 0, {;*JV^ 
T, £fc£ffil;:»S**fi*:rtt£ U 1 r ^ 

1*1. ^2*-(6]Sr 0^(6], ^3^(6]Sr0^f6]i:i-5„ 

[0018] #«M©£#»»ttim3gB-<?f4. ( 1 ) * 
-iHF^^ (SQUID) *»b*9±**»5>*i-54* 

^•fk*<7?2^Siw^«»3JtMi-5fflw^PBB^-ft:«r*i* 

«ritr«F»*s*,9, 3E(r, (2) NJb0!>£{ttB»tl-ff 
*1. ^2*-fS]<ofia^^ros#ra^fc;^fctSb, ?£$fM 

fc ±ie (i)., (2) fio«F»sr^r-r«^«E«»tf«as 

rogSlro^ttWfflT-©, it, ^OM&^ir 

I B„ (x, y, t) | =V~ { (B, (x 

+ (B, 

(x, y) l3o^Tffi*<Da?MT<0^^ | 
B„ (x, y, t) | Wf^t I , (x, y) & (g 
4) (C4t9*fe, rtff, WfKJ; •J'S-.S (x, y) fW 

I i (x, y) = J | B ly (x, y, t) 

ut, '&ffl£titz±ft<nw\zmwL?£mmi&,ftB t ( x , 
y, t) mm&ft) A-h, b,. B y £*t£i- 

[0 0 2 5] 4*a»«fr*iBI;SRf # 



mm<D, mmztt-tzmm mm mm {^-m 
&&<nffl&f^tf-5jmx-hz> 0 ^fc, wi&mmzk (x, 

y, z) KSH^T, 4ff*ffi»-Sia**|SiS:zttt U 
Il^Srz^, *2*l6i*x*l6i, m3^fS]Sry^ 
(Sii-f-5. Sfc, ffiffiS^ (r, e, <t>) ^c:ioV^T, 4 

[0 0 19] *$B93ro*K«Jfc#«M:, £{**ffifcSiE 
ft3ri*]$:iE2fcffi« (x, y , z) Wzliirb, 
f~Wrft§5S: (x, y) spffit-T-SBf, £{$:B£4§<£>d£#: 

^E(-siE^)*^^B 2 (x, y ) fc&mu ±i$mm 

[0 0 2 0] *3§9>!lc iixtf, »j»fi£^B x . B,5r«£' 

Sr2^5£ (x, y ) ¥-mz&&\stimmmm®*&zz 
»itai^WiT-#, n&wmsSt^'f yuro ( x , y ) m 

[0 0 2 1 ] HT, **KI-«it5«3|c«ia^ia:" 
ro^H-t' i 5fHB*ii*:«-S-«:iR*L. {b^^LT 

xfits: omw%im<Dfimztt[,^xvtmi-2><, 

[0 0 2 2] m^tym^ (SQUID) frt>t£*&8. 

(omMn^m^^x, ±#mm<DtiLm u, y ) izm^x 



») B, (: 



B y (x, y, t) £H-$J-r-5 



m&\zte (fit, iE2SM^^ (x, y, z) i^m-v^t^ 

■t-5) , »*J*^B, (x, y, t) tB, (x, y, 
t) <D2^fa<D¥Jj&t>>b2&.7i'<? | B 

„ (x, y) \ '(uy, I I fiS&fcMg&Scfc-?-) Sr 
(«3) ICt t?*feS„ 
[0 0 2 3] 
, y, t) ) 2 

(x, y, t) ) 2} ••• (ft 3) 

«$Mti, (x, y) tffflcm<aj£&mx*mftwt:# 

[0 0 2 4] 

I d t .» (» 4 ) 

W-WSilfcKWwSj*^^ h/u (B„ B y ) S?R^tHHl 

(e,) , <e y ) Sr-en^xttir'lSl, yiS^lfilW 

B r ^?>, (^5) ^^i-t|iss^t^ V? <j) 



(6) 1-15 12 2 1 

&nm& (x, y ) izmi-tzmffi^? k/h§o^# (t [0026] 

<J> = -B y (e,) +B, (e y > ... (& 5 ) 

BW^^ffc^liKSKfte&MA^B.trH-ffi-S Hosaka and' D. Cohen (197 

(fti) laosuwtl^? h/^ffl^fc 6) ) 

rn-^yT'tfSfcttSJve^a (* 1 <Oft&&ffi : H, [0 0 2 7] 

<J> = (SB/5y) (e,) - (3B/ax) <e y ) ■■• (ft 1 ) 

*mm°>&w%h\% mi) t ms) tcottm> mm-ez - t^n^u s^<o^^ 

(ft6) SUt (ft 7 ) #jfcfc-f5TOtt. BP*,, ft tTfcofc. KT, *ftrott*Sr»jHB^ttWi-4. 
«*ft*i«»OSI|j*^B 1 *»fe««j«»B 1 »VB T ft [0 0 2 8] 

b.=- l^B/a x) ... (jR6) 

B y =- (SB/Jy) ... 

mitt, imatsmzxzmm i&mm) nm*.*, m < B u) > srtHBi-sw-HjSottiK* h^^^-t- 

*7-/HkLT#«fi-5fc«)©0-efe5 e Hlfcft^T. CSfig <B ( r ) ) fi. Sa rva s (XI* - P h y 

(x, y, 2 ) ro X yI(;iI^o« s. Med. Biol. , Vol. 32, No. 1 1 

m*mm&, <q> i±ffia-<^ <r 0 ( Xo> Vo> 1-22 (19 8 7) ) »=j:0 3t*ffc*ii.T*io, '(» 

<r (x, y, z) > ttttfltttA (K^) [0 0 2 9] 

(B (r) ) = { Mo / (4ttK 2 ) } { <Q> x < a > • < e ,) VK 

-K <e 2 > X (Q> } ... m8) 

(»8) ICJHMT. <i,»XS<0S»*. (e,) lizWl 1) , VKIi (tl 2) »= J: 9***1.5. I | tt&M 

Vligrad= (5/3x, d/dy, d / d z) [0 0 3 0] 
foU (a) « (ft 9 ) , a 14 (ft 1 0 ) , K(4 (ft 1 

<a> = < r (x, y, z ) > - < r 0 ( x 0> y 0 , z 0 ) ) - (ft 9 ) 

a = I (a) | ... mi Q) 

K=a (a + (a) • < e z ) ) ... (fc j 1} 

VK= (2 + a-« <a> • < e z > ) <a>+a'(e z > - (ft 1 2 ) 

(ft 8) <B) (r) w«fKspani»fl:p 4) , (ftl5) KJ:9 4it,n5. 

fc 3 PtT*SMW^B i aWB y i:. StPl^ffi^PfCSE [0 0 3 1] 

**tei»*^B,,*, *tt-pn (ft 13) , (fti 

B,= (|/o/ (4 7i K 2 ) } 

x C (Q, (y-y 0 ) -Q y (x-x 0 ) } (VK) ,+ KQ f ] - (ft i 3) 
B y = U/ (4 ttK 2 ) } 

X [ {Q y (y-y 0 ) -Q x ( x - x 0 ) } (VK) y +KQj - (ft 1 4 ) 
B z = {ju 0 / (4iK ! ) } 

X t (Q, (y- yo ) -Q y (x-x 0 ) } (VK) J - (ft i 5 ) 

■— *, (fl3) l:it)^$jl2ifei^B 2 (Dx^|6l [0 0 3 2] 

fc»W5»#tt (fti6) l:±9jfbsn5, 

5B z /ax= U 0 / (4kK') } x [ { Qi ( y - yo ) - Qy ( x - Xo ) } 
(-2 (VK) , (VK) ,/K-a-3 ( x - x 0 ) ( z - z „) 2 + a ( x - x 0 
) ) - (VK) ,Q y ] ... mi6 

) 

mmtZ, &ttfig#B z <7Jy#|a|fc»tt5»#tt (ftl [0 0 3 3] 

7) (ri 9**j£*i5„ 

5B 2 /-ay=- (4 7T K 2 ) } X [ (Q, (y-yj _ Qy (x _ Xq) 

) (2 (VK) 2 (VK) y /K+a-3 ( y - yo ) ( z - 2 fl) 2 _ , -, ( y _ 
) J + (VK) ,QJ 
7) 



(ftl 



(7) 
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[0 0 3 4] 



£ (Q, Cy-yJ 



[ (Q, (y-yj 



(f 1 6) , (#1 7) izm^x, 

a = (VK) ,/K 

0 x = - a ~ 3 ( x - x 0 ) ( z - z «,) 2 + a "I ( x - x 0 ) 

?,= -a- 3 (y-y j ( z - z „) 2 + a "> ( y - y 0 ) 

ta<^, (»i6) , mi 7) (#2 

1) , (f 2 2) KJ: !?fSi?£ix.5 0 

<?B z /«9x=- { Mo / (4-K 2 ) } 
} (2a (VK) +aKQ y ] 
) 

5 B z /<? y =- {^o/ (4 7t K 2 ) } 
} {2a (VK) y -/3 y } +«KQJ 
) 

f^W/c^Kl, (ftl3), (#2 1), (#14, 
(#2 2) $r#iiHT-T-fc?) („/ (4;tK 2 ) } \Z£ 
9**fl:UT«»ttT4v\ (#13'), (#2 

B,= (VK) „ {Q, (y-y 0 ) -Q y (x-x 0 ) } +KQ 

3 B z / d x = 

-2a (VK) „ {Q, (y-y 0 ) -Q y ( x - x 0 ) 

+ 13, {Q, (y-y„) -Q y (x-x 0 ) } = 
-2 a B x +aKQ y +/3 x {Q x (y-y 0 ) -Q y ( x - x 0 ) } 
B y = (VK) y {Q y (y-y 0 ) — Q, (x-x 0 ) } +KQ, 
d B z /B y = 



•• (#1 8) 
(#1 9) 
(#2 0) 



— Q y (x — x 0 ) 

- (#2 1 

— Qy ( X — X 0 ) 

- (#2 2 



l* ) , (3 
[0 0 3 5] 



14'), (#22' ) Sr»5. 



:l 3' ) 



} — a KQ y 



(#2 1 
(#1 4 



-2a (VK) y {Q x (y-y 0 ) -Q y ( x - x 0 ) } 



+ 0 r {Q x (y-y 0 ) -Q y (x-x 0 ) } 
-2 a B y +aKQ x +0 y {Q x (y-y 0 ) 
(#13') t (#2 1') i!S»t,«5>*>4i5t, d 
B z / 3 x<Dm-±, 1&%k&ftB x <D- 2 a(S(-^LVMl 
»C, 20<D#AD3l^D»LitM{-#b< , (#14') 
i (#2 2' ) bfrbWbfrt£Zo\z., dBz/dyff) 
ffifi, B y co- 2 a L<^ii{;, 2oro# 

[0 0 3 6] m2\zmmWL*^1rii ?\z, m 

K^PffiSttffPOrtSBro^C <r 0 (0, 0, -z 0 ) ) , z 
B, (x, 0) 

= U 0 / (4 n K 2 ) } {- (VK) 
d B z (x, 0)/3x = 
U 0 / (4itK J ) } {2a (VK) x Q y x 



KQJ 



-Q y (x-x 0 ) } - (#2 2' ) 
0 =0. 0 5 [m] \Z, nMtf^-tf— > V h 
(Q) = (Q x , Q„ 0) , Q=Q,= 5 0 [nAm] 
^«t5^l:, B x ( (#13) ) t-dB z /dx 

((#16)) SrJtgj-fSo x 0 =y 0 =y = 0, Q = 
0£(#13), (fl6) IcftALT, (#2 3), 
(#2 4) &mz o ~ 
[0 0 3 7] 



m3i±. mtR¥-mmftp<n±x-coB ll ( (#23) ) & 

Zf-dB z /3x ( (#24) ) ^tn^^CDMc^mX' 

[0 0 3 8] IP*>, ft^C,l±B x (x, 0) /ma x I 
B x (x, 0) I £, &mc 2 l-i {-3B Z (x, 0) / 
d x } /m a x | 6> B z ( x , 0) / d x | Sr^f. 

lifsitLtmSt^VjK— ^Sffai-SSEiroiH^ (x = 
0) tee— |fiiJit#,;«jt^^-^s^ 

5 B z (x, 0)/3x = 



Q y x+KQ y } 

a KQ y — /3 x Q y x } 
«fc 9 fcifci^f— ^Sr^-x. 



(#2 3) 



• (#2 4) 

- d B z / d x ( (#1 
6) ) IctSffiSHMUttB, ( (#l 3) ) |;i5m 

[0039] 04i;^tWSai^c 3 , c 4 , c s ii 

^-fix, -5B Z (x, O) /3x(?)il5, ^2 

*.Rttt&2«fc#LT*itR-e3. -3B Z (x, 0) / 
d x (Ommtm l *, SI2J1KJ; ?>&5E£zXT^.5£jl 

(#2 4) (4 (#2 4' ) tiff6l-e#5. 
[0 04 0] 



« 



(8) 
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U 0 / (4 tt K 2 ) } {2a (VK) 
mSte, (»i 3) , (Si 6) <D*i\^h,<Dmimt 

iaT-fc^ 0 glStr^T, lftiSC 6 li {B x (x, 0) CO 
^1^} /ma x | B x (x, 0) | , IP*,, {- (V 
K) x Q y x} /ma x | B x (x, 0) | £St;bU * 
iC 7 li(-5B z (x, 0) /5x(7)IliI| /max 
I <9B Z (x, 0) /dx |, HP*,. {-2a (VK) B 
Q y x} /ma x | d B 2 ( Xl 0) /5x | ^Sbl, 
ft»C 8 tt {B x (x, 0) (Off 2^} /ma x | B 
x (x, 0) | , IP*,, (KQ y ) /ma x | B x (x, 
0) | &mt>ls, ftUCglX {- d B z (x, 0) /a x 
^>I2«) /maxUB z (x, 0 ) / d x | , IP 

{aKQ y } /max | 5 B z (x, 0)/dx|«r 

[004 1] B5t«t8*H, -aB 2 (x, 0) 
/d x^fglXI, *2*o5>*tt*^-tix J E r n 1 B 
. (x, o) ^*i«, *25oMin«<, 

- d b z (x, o) /a x 

= (m 0 / (4 ttK 2 ) } {-2 a (VK) 
= 2 a B x (x, O) - U</ (4 k K) 

BPfc. (82 5) ^l25^IHI:»Lt/hSt^ 
fctt. afiflaWtw (82 6) ^Sti-St^tt^rS. 

- 5 B z ( Xj 0) / a x = 2aB 
(»2r ) fc*l*T, -2aB^2 

o<DftiD9^- 2 a B x lC*f LT/h$^*&trfi; jftgl 

5 B z /<9 x =- 2 a B x 
W±-Ctt, -aB/ax^ B^B8«JCOl^Tfil»Ufc 

^o^TfefifciEL, (f 22' ) ^5>ififlafl9fc (82 

a B z /<9 y =- 2 a B y 
WT. (82 7) , (82 8) ^fc-tft-pft, B x f4- 
<9B z /dx, B,»4-a Bi/3 y^ltWi-StiRjeL 

■c. w»snfcja»rt»B,**bsa»i*»B tf b y ^« 

[0 0 4 7] 4^lCilMi^B z (x, y, 
t) SrtHBl.fc*& i B 2 (x, y, t) (Dx^f^cof 

S (x, y, t ) =V [ {3 B, (x, 

+ (aB z ( X) 
Sc^-C, ( x> y) Cov^ftf^HTOSf s 

t ( t , x , y ) (D^ftm I 2 ( x , y ) & (834) K 

£9**6, rtff, *Mficj:9#j« ( Xl y) -e^a^f 

I 2 (x, y) = J | S t (x, y, t) 
(84) , (8 3 4) ^giHtlt 09 x. 
tf, 'MSrH«o#«it5«Pl:tt, Q, R, S<7}&& 
^**i"5fflBB, Q&frhS&cnm&'fZQR S&(QRS 
complex) OJHH, TttW*4i"5ffllBI**t5o 31 

(*4) , (83 4) wa»t5iiLtafto8» 
fox***, Jfc&#*3^<0«££fr*v\ ftjf, ftffiz 



Q y x-aKQ y } - (f2 4' ) 

(818) -OtHSftTV^a- (VK) 



IC I0 l4a = (V 



[0 0 4 2] EI6^»V^T, ffi«Efeii 

k) z /k£, asftiicutt- { (82 4) <nmi 

30 / { (82 3) ^ilS) , BP*,, 2 a (VK) s 
Q y x/ (VK) x Q y x = 2a£, BW#«C u tt- 
{ (82 4) <D#2*} / { (82 3) 0*2*} , IP 
. aKQ/KQ=a^Mn^f 0 H 6 
a- (VK) Z /K (ftj»C 10 ) 

(z-z 0 ) Tfc£ 0 -5B Z (x, 0) /ax(D^^ 
tt, B x (x, 0) <D±££t \?—?&X'2/ (z- 
z 0 ) £*t**5 0 (z-z 0 ) l±m$ty^tf-;i'(Dft& 

-#-a*s-e*>s. m&<DmmftWfr<bi* (z- 2o ) * 

*/£1-5;i<kteEjt-efc5o (82 3) (ft2 4' ) 
fc<Z>Jt«3&>fe (82 5) £*#5 0 
[0 0 4 3] 



x Q y x + a KQ y } 
} aQ y 
[0 0 4 4] 



(82 5) 



(x, 0) (82 6) 

tfy\c (82 7) &ati£tZhfL1kit&. 

[0 0 4 5] 

(82 7) 

8) fixa^**jMtt-B:S 0 
[0 04 6] 



»5B Z (x, y, 



•■■ (82 8) 
t ) / d x t, B z (x, y, t) 
(x, y, t ) /5 y 

(83 3) fc*1-±5fc2*ft^¥:fr*s (x, y> 
t) ^*^>5 0 
[0 0 4 8] 

, t) /a x} 2 

, t ) /5 y } 2 ] (83 3) 

1 2 (x, y) &fflcm<D&zm&^mftmz*zbx, 

[0 0 4 9] 

d t (83 4) 

LTQRSftOJB^i-SJIIIMT!, IS 2 <7);R#g5B £ 
LTTiS^±t^M a n 2 rSSU (84) Ir^o 
T, JWHT^HI-ia^ttl!, T1 (x, y) . I 2f 
ti (x, y) , (83 4) irtfot, JWWT 2 ^B8i-5 

«5>tti |1T2 (x, y ) , r 2>T2 (x, y) sr-t^-en 



(9) 
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W5M»I|. n (x, y) tS^Kl^xo (x, • 
y) i^B, X (x, y) hm#mi v 
T2 (x, y) i^BB-e, *MD**r*tr?b 1 5l0a (x, 
y) . XfiHl dif (x, y) . Jtr (x, y) 

I sua ( X , y ) = 

w t X I p T1 (x, y) + \v 2 X I p |2 

I sua ( x » y ) = 

w i x I 2- ti (x, y) + w 2 X I 2 , „ 
I dif (x, y) = 

w 2 X I i, j2 ( x , y) — WjX I l?Tl 
I dif (x, y) 

= w 2 X I, jT2 ( x , y) — w,X I 2 , 
r (x, y) = I !, T1 (x, y) / 
r (x, y) = I 2 , Tl (x, y ) / 
(S3 5) ~ (ft 3 6) , (ft 3 7) - (ft 3 8) , 
(»3 9) - (64 0) f@A^i::J:S« 

[oo5i] *«w-e»e>tL5*a»BB»witttf f 

^^i-^fto{g] (^5/^) *rfflv^T4*a*fe«Wr-t-5 
r<h#<, ?£*&*-C&5i: LTV^fcH (^y^) <7}ft 
«tOtttS^c*ft^BI Srffii^T, £{£9Hi 

<fc«:*foi-St»^fe»5ffi*oWB(| (MM) T-O^ffi 

(^y^) SrfflV^T**-C*, SA&O^.ft, ««S:g 

[0 0 5 2] *38M-ett, &»<om\z:mW.l£fflkfS&B 
z (x, y, t) SfttJItT, B^B Z (x, y, t) 
' <DxJj$\<D£i\:md B, (x, y, t) /dx7^"b, B y 
£B Z (x, y, t) <Djjft<Dmitmd B 2 (x, y, 

t) /a ya>s>jf^LT#tf>5(E>-c\ B»»^"5#ff»ijS: 
(x, y ) K*aLT#ft+5W*£ft*re» (***« 

[0 0 5 3] 

TSEXffia» (x, y, z) (»**#«: B* B yl B 

^ttiexffiaiK (r, e, <t>) ffim^bti 
Jri-sa^sas (x, y , z ) ^^^bix5o n-aia* 



(ft 3 5) - (ft 3 6) , (ft 3 7) - (ft 3 8) 
(S3 9) ~ (ft4 0) l:ttot#ft5 0 
[0 0 5 0] 



(x, y) 
(x, y) 
(x, y) 



(ft 3 5) 
(ft 3 6) 
(ft 3 7) 



n (x, y) ■•■ (ft 3 8) 

I l> T2 (x. y) - (ft 3 9) 

U.T2 (x. y) - (»4 0) 

fiEttflttMKg- ffiU^'liB,, B/CScipSix, £ 
froffifcSRTftriK* '(»»/*#) tt, B x , B y , B 9 , 

(x, y, z) fcfl^TRHti^, (r, 
8, 0) Sr/Hl^S^Ktt, B 2 £B r td, B X £B 
Q \z, B,SrB # ^-ttLJE f n»*»*.ixtfAt\ 

[0 0 5 4] H7fi*38«^3lifi$lxS*tt:»»W-a« 

SB», i-^T**^ 1 (SQUID) a>b*5«ft<E>« 

ir, /u> K/i--^ i (ortat???**? 

ix5o »*#2tt'<5/ K3«c*fcte9W-«-f5 (01 l 

«^ (x, y, z) ^t^^-r^) o &tk&2<DMM<D± 
SQU I DttOSQU I Dfc»ttLfc*ttl=i>f 

e Srfllfc Lfcx a !7 4 tfSE« Six*. ffi#H e I4BS»^ 

-/u l ^S(Og»M81 5 i:i 0 , SfltM 

[0 0 5 5] m^^^^h<o^t)\±, «m=i>f/U*S« 
tBUfc«»»««rJtWi-5«BE*:a*i-5FLL (Flux 

Locked Loop) [h3S§ 6 Id A^3 $ ix5 G ^ <73 F F L [h] S§ 
SQU I DcD^^^-^^^oj: 9 SQU I DtCA^S 

»bix5 0 ^comEEfch^f±, (H**r) t-cfct) 

ii^i^n, 7>f/u^-0i6 7*ri:9fl|«ftiwgEa«a*l* 
ix, AD«t' ((gl^-f) ADffftSix, tf»«8 

Six, ^^^^xV^^u^tcS^Six, jEt-, 

^^Hi9Ul^SixSo 
[0 0 5 6] ffi#olg^^Sr^tH-r-5^tii=i>f/u^ u 

5 0 Sfc«»coft«|^S:«tBi-5=i-</ui: UTtt. z 



*fp]Srffilv^fc=!>f /uSr^ffl-f-^o Z*i<bmm±>-9- (2 
0-1, 20-2, ~ 20-8, 21-1, 21 
-8, 22-1, 22-8, 23-2, — 23- 

8, 24-1, 24-8, 25-1, ~, 2 5- 

8, 26-1, — , 26-8, 27-1, ~, 27- 
8) 05iB«HS:BB8*^i- o «»-fev*9 ttf'a. »7rtSB 

*IBHSte4SJ:5«c:_Lfc. -t^Vfflfem* 2 5 

[0 0 5 7] r<DiE?iJ*ffitr?¥oT, R«Lfc«*§ir>' 
-^<7) l*W«BSBI*H9 2lt/igi 0^r o 0 9(01* 

(Nb-Til) "CfP»bfc3>fyuo 

i 3 ^ ^(reference coil) 1 1 <b L 1 #^#=2^ y^S:® 
ricLT^5 0 ::t^;l/gJ:2 0mmi zn^yisfflco 

m^te^/w^wc^ajr^^i o-ei 9 3»<«tti 

[0 0 5 8 ] lft»»3^;H4SQU I D 1 2SrH3SL 
fc**aWOjHei»iai»*r^LTSQU I D^y/y 

ttii-z>mm-t>-y-<Dffi t mm%m 1 otc^i- 0 r^gir 
o' , i o" si;#ffin^/n r , 1 1" ^ioo? 

nBM3£tf f 2 0 mm X 2 0 mm, ^<~^ =7 ^ 

Xi5 0mmaf: o /Wi«y*fifc#JB t S Q 

UID12', 1 2" OH3SS«lr»ttttV^ 0 4^ 

mwm*^V 1 3 t y^«ltBffl«Sir>-^ l 4 ^^S»9 

[OOSSiattyfSrrtlLfcfa^tt, -<5/h(w 
«fc too fc.»*#<oj»SB±*jcia« L-OfiS^ 

::t', *^«*ffiiSrx«ii: u <£o 
±T*-f^^ytt<t-r5 0 ««ir^ (2 0-1, — , 2 
°~ 8 ' 21-1, ~ 21-8, 22-1, — , 2 2 
-8, 23-2, - 23-8, 24-1, - 24- 
8, 25-1, 25-8, 26-1, — , 2 6- 

8 * 27-1, - 27-8) <7)iEB<tJ&Sf5 3 0 t<Offi 
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4§ff^-£01 2 (a) , (b) , (c) li^to 
[0 0 6 0] 112 (a) (b) , ( c ) IS, 
■fe^* (8 x 8<DTl'^mz&Astz:mW? J £>V) \z£ 

ffi§lx^iM^tT^5 0 1212 (a) ttSMA 
#B„ 012 (b) tt»jgU£#B y> 0 12 (c)-ttffi 
tt/S#B„ *>#j«#OI*M MM) <O^E* f 

[0 0 6 1] 013 trS-r^jH, ®»*lCOV> 
Tff«$ftfc#5t<z> 2ft^M:P4t5SM^ (B 

Rfi, RZfS$i<o\i 0 ^? mm) Hi5»jSJ:Hl3 

tic^n-wit* t R , t 5 -e^L^ 0 Sfc. <tioB 

^Saa-CfcSTtttoHiai-SWPllBWTai: U b 6 -^ 

[0 0 6 2] 013l££H^T, PSf^lOil 
^(depolarization)) ^r^b, Qj£, Ri, &tfS&;$> 
&45QRSi6lii^»f £r^U T&I2 

(repolarization) ^ltl^ a SWMStt.- II 

[ 0 0 6 3 ] 0 1 4 ( a ) , ( b ) , ( c ) «, t 0 , 

K^ttJM&HS:*-*-. 014 (a), (b), (c) 
f±, (*4) CO I B xy (x, y, t) Jf/T§tl, 6 4 

h^aSMSr/Tttv^o 55^, 014 (a) , 
(b) , (c) ^co^^lfi, 6 4<B0f(O#JB5e^T?(7?m 

5 0 H14 (a) , (b), ( c ) (D&mKomnx, m 

•*ytt«»-fe>1»-^ia«SixTV^ffiaii:*i- 0 014 
(a) fr^i-j:9ic, Qft^tr— ^wett. 'friirtsrflt 
^S^attt'L^^HITfiT^inl^atix, 014 (b) 

*ip»r«at^*t<sEix, 014 ( c ) £ 5^, 

5, :oi5^ B14 (a), (b) , (c) (D^l 

[OO6 4]015I±, ^Kft?g<75Qifi^e>Sifi*"t?<0 
^SJft^B,, B ? *>?>»fe2 8:5£'<^ hyu5fi«| B„ 



(x, y, t) | (x, y) HroV>T, (ft 4 ) 

5, 015tf>x$4, y $a(±, ^^ffilwiHS$tvfci«8S 

h, qr sfe<Dmfflmz.bmzffihtimm.<D£< ^t-m 

<DmW>±$ V vfe'C^T-oftHfc r t (J , ^a#0 

[006 5] Hieii, 012 (a) , (b), (c) 

T, ffitM*#B,«r*;ft (x, y) fc£H xTff ffi U 

(ft3 3) fCi^S (x, y) Q R SS©S|^ 

*T,«rov*T, (St 3 4) <0«5>SrfT*v^raca^« 
ro.££*£yk/£^a#0-Cfc-5 o «T, 01 6*<t>02 1 

^tOfillS Wttttmtfki) @1 
b0 2 l wft^rom^Li73i£^[r^LfcS6:<l:(4-e©ft«8w 
fcoa#ffiSr^r-r 0 

[0066] 015 \z7jk-rmmv>&m&&B x , b ( *^ 
b#*/t^a#0<a/<*— r t ^ijpj l 

fc„ :©-ftl±, (ft 6) 5:0= (ft 7) , XJ4 (ft 2 
7) SO* (ft 2 8) ;»S3S»o3S*^-*r«tffi£fiLT 

[0 0 6 7] 01 7i4, mi 5 ^ibtc<D tm—<Dm^ 

^»^B„ B y ^e 5 #fc2<5cjE'<^ I B„ 

(x, y) I ( x , y ) |;o^T, (ft 4) «f 

1 nzm^x, 1 e + 0 0 3 ii, looo^t. 

[0 0 6 8] 01814, mmWT 2 iZ^^X(0 (ft 4) 
<om^mt. Q R S Lfc»ra»T,l;oV^t© 

(ft4) oa^tttOiS (ft3 7) Sr*fci-4jtiS5»0T? 
IP*,, 01 81401 7{r^-r^a^0^t,01 5 
«"^1-^«#0£ML3lv>fc0T-;fc-5. Tfiro^ST 
2 «)**i, QRS«ro»MiT l J:nSv\ 01 
7<r>s<#— ^f4, Hi 5i;^t^-yi{aT^5 0 r 

<^fc*b, 01 8tC^:1-^ig5j|ft0(4^toSjE<7?Mi7i5 ( , 

0i7, 01 8<omm<om%<Di5:miz^^tzm&iit<o 

[0 0 6 9] .6)ffi«Sro.ft#<Z5^«»ffjB| t - H 

-r-s&mfc, 0i9, 02o, 021 iz^-r 0 0 1 9 

14, QRS$0^fT,l;o^T@l 5 tmm\ZLX 

xibtzmmftm, 02014, T&<DmmmT 2 \z^^x 

01 7tHH«fcUx , *Afc*«»H. 02 114, T&<75 
^F B mT 2 JC:oV>TWa^fit (ft 4) i, QRS&COBf 
F B WT,l;ol>T^I (» 4 ) tW £ (f3 5) & 
**>U 01 8 <t(WJ«('LT*J6fc^^0T-fo-5 o gp 
02 114. 0 2 Of;^-f^a^0^e>01 9lc^-r 
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^W^0$r^L§K^c0T**>5. 019, 02O<Df&i& 
U 02 1 WftU<75M?L<7?ja^|c^Lfcftfflli-e<ofti^ 

[0 0-7 0] 019 ^•r^w«T 1 -ero^a^iaj4, 
01 sRumi 6^^i-^a^Bat*>*9*o*v^^ 

u»»u 02 oizta-ti%fflWT 2 X'<Dmmftmi, 01 

fc*>. B#K^T 1 tB#r B ^T 2 T-f4^ 

K^-S. 0 2 1 tw^-f-^ia^0{4^«:*SA<7)fii 

££M>iE<7?fg£:t,o0 1 8 (c^-T£t^#<D^i^ 

[0 0 7 1 ] UJitStW Lfc4 fettOlliMIOffT,* 
9 ^IttfSlSr^ti: £ /«£< #«»fi<jfc, 1 ^&IT 

m<D-#;m, &±.m&m) ^titwit-ts, apt,, 
[0072] 022 iz&£.#mmftwmm<D=' yf a - 

'^5. Sfc, ^t^|^0JL/c0 1 5^bl2 1 X'ttm 
Wfikg.-*?ftLftW.<0'&'&frt)frZ> <t 5 K#lftigHwftffi£A 
*tfc;$S, 7 f -i'^-7'H'Ji-e(4l?^<Oi^i&tc:j;c.Tfe^ 
tf£LT3&5E:&7 — «*Ltl^„ (5]B#{r, H 31: 
^-TJ; 9irB#p B ^^ (-W&0) , M{wf4-km0k*^-C- 

^T-#5 «t b\z Lt^4. 
[0 0 7 3] 02 3 tt^tJSHeO^ffSttiiWa^ao^^ 

2 3(C»^T, MCGI±M@WM, QRSI4a#flia 
SrQRSiroMtSiHT.tL (ft3 4) fr±9» 
bnfc^ 1 <£>£?B£|§ii&j&0. T(4a^«5ISSrT)S<75^ 
t5«KT 2 H (S3 4) \z^<0%hMz.%2<Dmm 
m&Um, (T-QRS) »±JSlXV*2 0545>«»HliBt 
0W 2 l<D=§-e i iJ^^-t- <> 0 2 2, E12 3(OTtf-f^yu 

3 2fc 7C * v — ^ ^ L T V » -5 0 

[00 74] tats, (ft4) , (ft3 4) K£H^, a 
»SrfT*fcrjBIffi4SrfelwJ:9, I, (x, y) , i 
j (x, y) lr*fc5ri<oT-#^ 0 BP*,, £1T<75 (ft 

4 1) ~ (ft 4 4) (x, y) , I 2 (x. y) 
£**!>T, W.IZ, (13 5) - (64 0) ^ilffli-.5o 
***»t>*i-5«»(o»«^ (4*©il;fff/iS 
^) B, (x, y, t) , B r (x, y, t) frffffl-Ti 



(12) 



^mW- 11-15 12 2 1 



ms\zn (fau, m.&mn^ (, z) \zm^x±&<Dm 

5) , S^^x5^B x i: B y <D2m%Q<D¥'Jjfefrb 2^kjt-< 
I B iy (x, y, to) | 
= 7" { (B x (x, y, t 0 ) ) 2 + (B, 
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